The program N2HDECAY calculates the branching ratios and decay widths of the Higgs bosons of the Next-to-Two-Higgs-Doublet Model (N2HDM). The code incorporates the dominant higher-order effects by including QCD corrections and off-shell decay modes. The N2HDM is an extension of the Standard Model by a Higgs doublet and a real Higgs singlet. Its phenomenology can change dramatically depending on which global symmetries are broken by electroweak symmetry breaking. It can feature a large visible Higgs sector in the broken phase, behave like a 2HDM with scalar singlet dark matter in the dark singlet phase, or, in the inert doublet phase, extend an inert doublet model by mixing a singlet with the SM Higgs boson. N2HDECAY provides precise predictions for the decays of the Higgs bosons in all of these phases. * milada.muhlleitner@kit.edu * * jonas.wittbrodt@desy.de
Introduction
Experimental studies conducted since the discovery of the 125 GeV Higgs boson [1, 2] have established it to behave Standard Model (SM)-like. The resulting constraints on models beyond the SM (BSM) force minimal extensions of the Higgs sector into specific corners of the parameter space where new-physics effects in the 125 GeV Higgs boson are small. This makes minimal extensions of the SM scalar sector, such as the Two-Higgs-Doublet Model (2HDM) [3, 4] , less useful for experimental analysis since potentially interesting collider signatures are likely to be incompatible with other observations. Therefore, non-minimal extensions of the Higgs sector become more appealing since they can account for interesting novel collider signatures while remaining compatible with existing measurements.
The Next-to-Two-Higgs-Doublet Model (N2HDM) [5] [6] [7] adds a real, gaugesinglet scalar field to the Higgs sector of the 2HDM. If this singlet acquires a vacuum expectation value (VEV) it mixes with the two CP-even Higgs bosons of the 2HDM. The resulting enlargement of the parameter space with interesting collider signatures has been studied in [7] using the first published version of the program N2HDECAY. The N2HDM is similar to the 2HDM plus singlet (2HDM+S) framework [8] where a complex singlet scalar is added to an aligned 2HDM. However, in the N2HDM we do not assume the 125 GeV Higgs boson to be exactly aligned.
An additional feature of non-minimal extensions of the Higgs sector is that they may both modify the visible phenomenology of the model and add dark matter (DM) candidates. Both dark singlet DM (for a recent study see [9] ) and inert doublet DM [10] [11] [12] [13] [14] can be realized within the N2HDM as different phases of electroweak symmetry breaking (EWSB). In the dark singlet phase (DSP) the singlet field does not acquire a VEV and becomes a DM candidate. In the inert doublet phase (IDP) one of the doublets has no VEV and forms a dark sector. A phenomenological study of the dark phases of the N2HDM using N2HDECAY has been performed recently [15] .
The code N2HDECAY calculates branching ratios and total widths of the Higgs bosons in these three phases of the N2HDM. It includes state-of-the-art higher-order QCD corrections and off-shell effects taken over from its parent code HDECAY [16] [17] [18] . N2HDECAY therefore provides precise predictions for the phenomenology of the N2HDM Higgs bosons. In this manual we first define the N2HDM with its three phases in Section 2. Afterwards in Section 3, we discuss the higher-order corrections included in the code. In Section 4 we give user instructions for the code, describe the input and output formats as well as additional tools distributed with the code. Finally, Appendix A lists all decay modes calculated in N2HDECAY and their position in the output files while Appendix B and Appendix C contain the expressions for the parameter transformations and triple-Higgs couplings in the DSP and IDP, respectively.
The Next-to Two Higgs Doublet Model
The N2HDM [5] [6] [7] extends the SM by a second Higgs doublet and a real Higgs singlet. The resulting scalar potential for the doublets Φ 1,2 and the singlet Φ S reads 
Goldstone bosons G ± from φ ± 1,2 . However, v S = 0 leads to a mixing between the ρ 1,2 and ρ S resulting in three physical CP-even Higgs bosons
The 3 × 3 orthogonal mixing matrix R is parametrized by three angles α 1,2,3 as
where we introduced the short-hand notations s x ≡ sin x and c x ≡ cos x. We assume that the three mass eigenstates H 1,2,3 are ordered as m
The three CP-even Higgs bosons couple to the SM gauge bosons V ∈ {W ± , Z} with an effective coupling normalized to the SM given by
To prevent tree-level flavor-changing neutral currents we extend the symmetry Z 2 , Eq. (2), to the Yukawa sector. As in the 2HDM [4] , this results in the well-known four distinct Yukawa types. The effective couplings for the different types normalized to their SM values are given in Table 1 . The couplings of A and H ± to SM particles are the same as in the 2HDM and can be found in the corresponding literature [4] . All triple-Higgs couplings needed for the computation of the decay widths are given in the appendix of [7] .
In the broken phase we use the input parameters
The parameters tan β and v are given by
where the value of v is the SM VEV. The relations between this parameter set and the parameters of the scalar potential Eq. (1) can be found in the appendix of [7] .
The Dark Singlet Phase
The dark singlet phase (DSP) is characterized by v S = 0 such that Z ′ 2 , Eq. (3), remains exact after EWSB. Any mixing between ρ 1,2 and ρ S is therefore forbidden and the CP-even mass eigenstates are
with
The mixing matrix R is chosen such that the mixing angle α follows the conventions for the 2HDM [4] if we identify h ≡ H 1 and H ≡ −H 2 . For consistency with the other phases we will call the Higgs bosons H 1 and H 2 throughout this paper and assume them to be ordered as m
The charged and CPodd sector are identical to the broken phase. The DSP of the N2HDM is equivalent to adding scalar singlet DM to a 2HDM.
The couplings of the Higgs bosons to SM particles in the DSP can be obtained from Eq. (12) and Table 1 In the DSP we cannot express all of the quartic couplings of the scalar potential Eq. (1) through masses and mixing angles. The two quartic Higgsportal couplings λ 7 and λ 8 as well as the singlet self-coupling λ 6 remain free parameters. However, λ 6 does not enter any of the three-particle vertices relevant for Higgs decays and can be ignored for the purposes of this code. We therefore use the input parameters
with tan β and v defined through Eq. (14) . The transformations from these parameters to the parameters of Eq. (1) are given in Appendix B.1.
The Inert Doublet Phase
The inert doublet phase (IDP) can only be realized if m 
where we again take m
The IDP is equivalent to extending an inert doublet model by a real singlet which mixes with the SM Higgs boson. The couplings of the H i=1,2 to any pair of SM particles x are therefore simply rescaled by
Since this applies to the Yukawa couplings as well there are no different Yukawa types in the IDP. The triple-Higgs couplings of the IDP can be found in Appendix C.2.
In the IDP Eq. (6) is trivially satisfied so that we cannot express m 2 22 through the other parameters. Additionally, the inert doublet self-coupling λ 2 and the portal coupling λ 8 cannot be expressed through masses and mixing angles. However, λ 2 does not appear in any of the vertices relevant for Higgs boson decays and is not needed by the code. The set of required input parameters for the IDP are therefore
where v 1 = v is the SM VEV. The relations between the parameters of Eq. (21) and Eq. (1) are given in Appendix C.1.
The SM+DM Phase
If m 2 12 = 0 and both v 2 and v S vanish the N2HDM becomes the SM extended by both an inert doublet and a scalar DM singlet. This phase is currently not implemented in the code.
Higgs Decays in N2HDECAY
The code N2HDECAY is an extension of the 2HDM implementation in HDECAY [16] [17] [18] [19] to the N2HDM. The calculation of the decay widths includes the most relevant QCD corrections since they factorize and can be taken over from the SM or the MSSM. The SM electroweak corrections, on the other hand, cannot be easily adapted to models with extended scalar sectors and are not taken into account. They have been recently provided in [20] . The currently implemented higher-order corrections are
• massive NLO corrections near threshold [21] [22] [23] [24] [25] and massless O(α 4 s ) corrections far above threshold [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] to decays into quark pairs.
• N 3 LO corrections in the heavy-top-limit to decays into gg [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
• QCD corrections to the quark loops in the loop-mediated (W , heavyfermion and charged-Higgs-boson loops) decay into γγ including the full quark-mass dependence [39, [47] [48] [49] [50] [51] [52] [53] [54] .
The QCD corrections to quark loops in the loop-induced Zγ decay mode are numerically small [55] [56] [57] and are not taken into account. The code additionally includes decays into off-shell gauge bosons and top-quarks where appropriate. This includes
• decays into a pair of off-shell massive gauge bosons [58] ,
• off-shell gauge bosons in all decays into a Higgs boson and a gauge boson [59, 60] ,
• off-shell t-quarks in decays into t-quark pairs and the tb, ts and td decay modes of the charged Higgs boson H + [59, 60] .
N2HDECAY does not include off-shell Higgs bosons in decays into pairs of Higgs bosons. These off-shell corrections are only available in HDECAY assuming that the off-shell Higgs boson decays predominantly into bb. This is justified for the 125 GeV Higgs boson but may be a bad approximation for other Higgs bosons of the N2HDM. Off-shell corrections are therefore disabled for all decays into Higgs boson pairs. Finally, the code also calculates the branching ratios and total width of the top-quark to account for possibly allowed decays into H + b. A complete list of all decay channels calculated by N2HDECAY including off-shell decays is given in Tables A.3 to A.5.
User Instructions
The N2HDECAY source code is available at https://gitlab.com/jonaswittbrodt/N2HDECAY .
The compilation of the code requires only a Fortran compiler. The code can be compiled either with the supplied Makefile, in which the correct compiler has to be selected manually, or using cmake. The code compiles into a single executable called n2hdecay. It reads input from a file called n2hdecay.in in the current working directory and writes its output files containing the branching ratios and total widths into the current directory. Input file and output folder may be changed by providing arguments to the optional -i and -o command line flags, respectively.
The input file is a plain text file containing the parameters of the model. The first parameter to be specified is the PHASE which is 1 for the broken phase, 2 for the DSP and 3 for the IDP. The parameter YUKTYPE specifies the Yukawa type. The possible values are 1 (Type I), 2 (Type II), 3 (leptonspecific) and 4 (flipped). In the next block the parameters tan β, m 2 12 , m A , m H ± and v S can be specified. This block is used for every phase. If the value for one of the parameters is fixed by the phase the value given here is ignored. After these initial blocks of common parameters there is a dedicated block containing the remaining parameters for each phase. The final block of the input file contains the SM parameters defined as in HDECAY (see [18] ). An overview of the required N2HDM parameters for each phase is shown in Table 2 . The SM VEV v, which is an input parameter in every phase (see Table 2 : Required input parameters in the different phases. See also Eqs. (13), (17) and (21) . Parameters with a -are fixed by the phase and the value in the input file is ignored.
(a) broken phase Parameter Value
Eqs. (13), (17) and (21)), is calculated internally from the value of G F given in the SM parameter block. Running the code produces a set of output files containing the branching ratios and decay widths of all Higgs bosons and the top-quark. The files are named br.Hx_N2HDM_y where Hx denotes the decaying Higgs bosons. For neutral Hx=H1,H2,H3,A the files with y=a contain the decays into SM fermions, y=b the decays into SM gauge bosons and y=c,d the decays into double-Higgs and gauge-Higgs final states as well as the total width. The decays of the charged Higgs boson Hx=H+ into fermions are given in the y=a,b files and y=c contains the decays into gauge-Higgs final states and the total width. The gauge-Higgs decay modes of the dark-sector particles in the IDP Hx=HD,AD,HD+ along with their total widths can be found in the files br.Hx_N2HDM. The mass of the decaying particle is included in every file as the first entry. The file br.top contains the mass of the charged Higgs boson, the top-quark branching ratios and its total width. Each of the files includes a header specifying the content. For a complete overview of the output files and their contents in the different phases see Tables A.3 to A.5.
For the user's convenience we also provide a Python 3 script tools/IO_N2HDECAY.py with the utility functions:
• IO_N2HDECAY.write(filepath, phase, params): Generates an input file for N2HDECAY at filepath for the given phase and the parameters taken from the Python dictionary params.
• IO_N2HDECAY.read(brfolder): Reads the results of an N2HDECAY run from the brfolder and returns them as a Python dictionary.
In the subfolder tests we provide three example input files (one for each phase) with the corresponding results of the code. The folder also contains a Python 3 script testN2HDECAY.py which can be used to compare the program output against these example results. Invoking make test when compiling with cmake automatically calls this script for each phase.
Finally, the source code also includes an up-to-date version of this manual and a CHANGELOG file detailing all changes in the code since the initial release.
A. Decay Modes and Output Format
The Tables A.3 to A.5 in this section list all decay modes calculated by N2HDECAY and the content of the output files in all three phases. br.H1_N2HDM_b br.H1_N2HDM_b
B. Parameter Transformations and Triple-Higgs Couplings in the DSP
In this section we present the transformations between the parameter set Eq. (17) and the parameters of Eq. (1) in the DSP. We also provide the formulas for the triple-Higgs couplings. These expressions have first been derived in [15] .
B.1. Parameter Transformations
We first use the minimum conditions Eqs. (5) and (6) to express the mass parameter m where we use the short-hand notations Eq. (8), s x ≡ sin x and c x ≡ cos x.
To obtain the remaining transformations we solve the linear system given by the rotations into the mass basis. This yields
3)
, (B.7)
with R ij given by Eq. (16).
B.2. Triple-Higgs Couplings
The triple-Higgs couplings are defined through
where in the DSP X i,j,k ∈ {H 1 , H 2 , A, H ± , H D }. The couplings have first been derived in [15] . Using H i,j ∈ {H 1 , H 2 }, R ij from Eq. (16) and λ 34−5 ≡ λ 3 + λ 4 − λ 5 they are given by
All other trilinear couplings among the X i vanish.
C. Parameter Transformations and Triple-Higgs Couplings in the IDP
The relations between the parameters of the Lagrangian Eq. (1) and the input parameter set Eq. (21) for the IDP as well as the triple-Higgs couplings were derived in [15] . In [15] the charges of Φ 1 and Φ 2 under the Z 2 symmetry are switched. Their convention can be restored from ours by replacing in all formulas given below.
C.1. Parameter Transformations
Using the minimum conditions Eqs. (5) and (7) We can then solve for the parameters of the Lagrangian and obtain
, (C.4)
, (C.8)
with R ij given by Eq. (19). 
C.2. Triple-Higgs Couplings
where H i,j ∈ {H 1 , H 2 } and R ij is given by Eq. (19) .
